Trihalomethane (THM) occurrence in reclaimed water and its exposure risk to human health during non-potable reuse was evaluated for a coastal Arabian city. Recycled water was monitored at two representative wastewater treatment facilities: a city-wide activated sludge treatment (AST) plant and a neighborhood membrane bioreactor (MBR). Actual total THM concentrations in the postchlorinated effluents varied with effluent temperature, peaking at 69.28 ± 2.54 μg/L and 41.15 ± 2.34 μg/L in AST and MBR effluents, respectively, in summer. Higher bromide concentration and favorable Br À /Cl 2 ratio during disinfection in the AST resulted in stronger brominated THM speciation.
INTRODUCTION
In the energy-rich Gulf Cooperation Council (GCC) countries of the Arabian Peninsula, fresh water is in limited supply; surface water bodies are non-existent, and fresh groundwater resources have been rapidly declining for a number of reasons including limited recharge, over-pumping, and mixing with subsurface brine originating from evaporate deposits (Al-Rashed & Sherif ; Sanford & Wood ; Al-Katheeri ). Cities and large urban developments in the region tend to be coastal so rely on seawater as a source for high throughput desalination processes, such as multi-stage flash distillation, that yield fresh water at a severe energy and carbon penalty (Mezher et al. ) . In this environment, the recovery and reuse of water from municipal and industrial wastewater offers a promising solution for meeting the burgeoning water demand for society's functions that do not require potable-quality water (e.g. landscape irrigation, cooling tower operation, and fire fighting) (Alhumoud et al. ; Al-Zubari ) .
In the long term, such practices can significantly reduce both the carbon footprint and energy burden that water demand incurs upon the region.
Around the world, water reclamation and reuse for nonpotable purposes is a growing practice (USEPA ). Water reclamation and reuse practices have already been in effect in Arab countries, where over 50% of total wastewater generated was recycled in 2009 (Qadir et al. ) . In Abu Dhabi, United Arab Emirates (UAE), water reuse is a significant component of the sustainable development goals of the government (Regulation and Supervision Bureau ). As of 2010, over 51% of the 246.6 M m 3 treated wastewater produced in the emirate was reused in non-potable applications (Statistics CentreAbu Dhabi (SCAD) ). This percentage is projected to increase in the coming years as more treated water distribution networks come online. With the increasing trend towards water reuse, the protection of public health from harmful water contaminants is a paramount concern.
In anticipation of potential public exposure to waterborne diseases, regulations governing the quality of reclaimed water focus on the occurrence of pathogens and other disease vectors. Hence, water reclaimed using secondary biological treatment must undergo filtration in order to remove its organics loading (Shannon et al. ) , followed by disinfection to ensure the removal of its pathogen load (Sun et al. a) . 
THM CANCER RISK CALCULATIONS
The cancer risk was calculated for each of the post-disinfection THMs found, and for individual THMFPs, based on the individual excess lifetime cancer risk (IELCR). The IELCR was calculated assuming two exposure pathways, i.e. inhalation and dermal contact. IELCR equations for inhalation and dermal contact are depicted in Equations (1) and (2), respectively:
where IELCR 
where F v is the fraction of THM volatilized; Q is the effluent supply flow rate (m 3 /min); t e is the duration for which the sprinkler was flowing (min); and V air is the assumed volume. Additional details on the risk assessment methodology and parameters are presented in the Appendix.
RESULTS AND DISCUSSION
TTHM and TTHMFP occurrence in AST and MBR effluents The trend for TTHMFPs was reversed when molar concentration values were considered (Figure 1(b) ). TTHMFP results from chlorination conducted under standardized laboratory conditions also followed the same trend, with the exception that CHClBr 2 (dibromochloromethane) values were higher than bromoform for Mafraq shown from previous studies conducted on drinking water, IELCR from inhalation exposure to chloroform is highest for all the THMs (Wang et al. ) . This is also the case in our study, with chloroform presenting the highest IELCR to residential adult and child receptors. After chloroform, inhalation exposure to CHClBr 2 had the next higher cancer risk followed by CHCl 2 Br, also via the inhalation route. The cancer risks from CHClBr 2 and CHCl 2 Br were in the range of 10
À8
. There was no significant carcinogenic risk to the adult site worker from both inhalation and dermal exposure to actual THM and THMFP concentrations in effluent from either Mafraq AST or Masdar MBR.
The relatively short total exposure duration of an unskilled adult site worker in the UAE and in surrounding countries, compared to the duration for residential adult and child receptors, appears to be a major reason for the low carcinogenic risk from exposure to effluents from both treatment facilities. Overall, the inhalation exposure route, the halo-speciation towards chlorinated THMs, and the exposure duration all figured prominently in determining the final cancer risk to a human receptor from landscaping application of recycled water. 
SUMMARY AND CONCLUSIONS
This study analyzed the actual and potential occurrence of the four THM species in recycled water from two different types of region-representative treatment facility, namely a city-wide AST plant and a neighborhood MBR plant, both located in a coastal city in the Arabian Peninsula. As much of this recycled water is used in landscaping, IELCR from vapor inhalation and dermal absorption exposure was evaluated during this activity using actual and potential peak values. These were the key findings of the study:
• Post-chlorination TTHM concentrations varied with effluent temperature over the year, with the AST effluent displaying higher peak TTHM concentrations than the MBR effluent on a mass basis, but almost identical peak values on a mole basis.
• THM speciation was very different in the Mafraq AST versus the Masdar MBR plant. MBR treated effluent was dominated by chlorinated species whereas the AST treated water contained more brominated species, owing to higher bromide concentration from saltwater intrusion into the sewage lines leading to the AST and a favorable Br À /Cl 2 ratio during disinfection.
• Using the measured peak THM concentrations in post-disinfection effluents from both treatment plants and default USEPA exposure factors, IELCRs were below the USEPA limit of 10 À6 for both treated effluents and all receptors.
• However, peak THMFP values resulted in an exceedance of the USEPA IELCR threshold of 1 × 10 À6 for carcinogenic compounds only from inhalation exposure to chloroform (CHCl 3 ) in the effluent from Masdar MBR by both adult and child residential receptors.
• In landscaping applications of recycled water, cancer risk appeared to be driven by the inhalation of chloroform (CHCl 3 ). Recycled water with THM speciation favoring more brominated products demonstrated lower carcinogenic risk via inhalation.
• However, THM speciation to more brominated products results in easier exceedance of the mass per volume TTHM standards proposed by regulatory agencies because of the heavier molecular weight of brominated THMs.
• Potable water TTHM standards derived from oral exposure are not suitable for non-potable recycled water.
• Recycled water THM standards should be derived using inhalation exposure route as this poses the greatest risk in the applications involving recycled water.
